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Biohybrid nanoreactors operating in one-pot cascade reactions
were designed by co-immobilization of enzymes in an inorgan-

ic layered matrix, namely, layered double hydroxides. These
biohybrid systems were devoted to prepare dihydroxyacetone

phosphate (DHAP) and phosphorylated sugars through stereo-

selective C¢C bond formation. In the first system, two kinases
were exploited for the in situ generation of DHAP. Increasing

the complexity, the second nano-bioreactor combined up to
four enzymes to lead to d-fructose-6-phosphate from the

aldol-catalyzed addition of dihydroxyacetone to d-glyceralde-
hyde-3-phosphate generated in situ from DHAP. The biohybrid

catalyst showed the same reaction rate as that of the free en-

zymes and was reusable.

Tandem and cascade reactions were highlighted by Trost et al.

in 2008[1] as being of fundamental importance to develop
greener syntheses. Biocatalysis takes a major place in this field,

in particular enzymatic cascades, which create artificial path-

ways for the preparation of chiral or complex chemicals.[2] This
emerging concept was recently termed “system biocatalysis”

by Fessner.[3] Nature can be mimicked by designing artificial
metabolic and non-natural biocatalytic pathways in vitro. In

such multienzymatic systems, enzymes are brought together
in the same reaction vessel, in which the product of one

enzyme is the substrate of the other. The reaction parameters
(e.g. , pH, enzyme quantity, substrate concentration, cosolvent,

temperature, etc.) are easier to control than in in vivo systems
and can be adjusted to reach high yields and purities.[4–6] To

approach natural systems for which the cooperating enzymes

are organized in specific assemblies leading, in some cases, to
a channeling effect, the artificial metabolic pathways can be

immobilized following different strategies. They have been
nicely reviewed by Schoffelen et al.[5] The strategies are classi-

fied in order of increasing control of the enzyme organization:
random co-immobilization to a solid support (e.g. , agarose,[7]

chitin,[8] nylon,[8] polystyrene,[9] polyvinyl chloride[10]) or nano-

particles (e.g. , gold nanoparticles,[11] sol–gel matrix[12]), sequen-
tial immobilization in microfluidic channels, positional immobi-

lization on DNA nanostructures, site-specific enzyme immobili-
zation, and finally scaffold-free cross-linking.

In this work, we aim to design cascade reactions for the en-
zymatic synthesis of phosphorylated sugars following the

random co-immobilization of enzymes embedded in layered

double hydroxide (LDH) nanoplatelets. Indeed LDHs,
MII

1¢xM
III

x(OH)2Xx/q·n H2O (Supporting Information, Scheme S1),

owing to their two-dimensional structure, physicochemical
properties, and controllable nanoplatelet aggregation,[13] offer

a suitable microenvironment that favors a high loading of en-
zymes, an increase in their stability, and preservation of their
activity.[14] In the course of our work on green by design, effi-

cient cascades for the enzymatic synthesis of terminally phos-
phorylated sugars as key metabolites were implemented. They
were based on the in situ formation of chiral or achiral syn-
thons[15, 16] such as, for example, d-glyceraldehyde-3-phosphate
(d-G3P) from dihydroxyacetone phosphate (DHAP)[17]

(Scheme S2). The key enzymes fructose-6-phosphate aldolase

wildtype (FSAwt) from Escherichia coli and its variant (i.e. ,
FSAA129S) were involved in stereoselective C¢C bond formation.
The wild-type aldolase was efficiently immobilized in LDH,[18]

and more recently, a bioreactor was elaborated by hierarchical
assembly of FSAwt, LDH nanoplatelets, and polysaccharide.[19]

To build a complex cascade system and to reach the concept
of an immobilized artificial metabolism, four different enzymes,

two kinases [i.e. , dihydroxyacetone kinase (DHAK) and pyru-

vate kinase PKGstea] , a triosephosphate isomerase (TPI), and
fructose-6-phosphate aldolase (FSAA129S) were immobilized.

Such a LDH-based biohybrid was evaluated in particular to
produce d-fructose-6-phosphate (d-F6P) by using dihydroxy-

acetone (DHA) as a donor substrate for the aldolase
(Scheme 1). In addition, DHAP production will be studied inde-
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pendently by the immobilization of two kinases and used with

non-immobilized aldolases.
To promote enzyme co-immobilization, a direct LDH co-pre-

cipitation strategy was systematically followed consisting of
metal salt precipitation in the presence of enzymes at an ap-

propriate pH and under soft conditions (e.g. , room tempera-

ture, water). Given that the physicochemical surface properties
(e.g. , charge density, acido-basicity) of LDHs strongly depend

on the layer metal cations that impact the enzyme adsorption
and activity,[20] three different compositions of the LDHs were

considered: Mg2Al-LDH, Zn2Al-LDH, and MgZnAl-LDH. The four
enzymes involved in the process were DHAK[21] (E.C. 2.7.1.29

from Citrobacter freundii), PKGstea (E.C. 2.7.1.40 from Geobacillus

stearothermophilus), TPI (E.C. 5.3.1.1 from Saccharomyces cerevi-
siae), and the variant FSAA129S

[22] (E.C. 4.1.2 from E. coli). The

enzyme/LDH ratios were fixed according to the specific activi-
ties of the enzymes and the results described for the non-im-

mobilized system involved to prepare d-F6P.[17] The results ob-
tained for the four enzymes are gathered in Table 1.

Preliminarily, two commercially available PK from rabbit

muscle and from G. stearothermophilus (PKGstea) were tested,
and it was revealed that PKGstea was the more stable enzyme,

as 90 % activity loss of PK from rabbit muscle was observed
after immobilization. Owing to its high cost, the chosen PKGstea

(Unitprot ID Q02499) was thus cloned, overexpressed in E. coli
as N-terminal histidine (His)-tagged recombinant protein, and
purified (see the Supporting Information). TPI was used as

a commercial preparation, and DHAK and FSAA129S were pre-
pared as previously described.[21, 22]

For the whole set of enzymes, the same conditions as those
previously reported for FSAwt immobilization were applied.[18]

Up to 100 % of the protein quan-
tities (Bradford assay) were im-

mobilized in the Mg2Al, Zn2Al,
and MgZnAl LDH matrices,

except in the case of FSAA129S in
Zn2Al (50 %). This demonstrates

the exceptional ability of the
LDH materials to encapsulate
a large variety of enzymes in

their structure. Unlike TPI, the
most suitable LDH matrices were those containing Mg, for

which FSAA129S was totally immobilized with 90 % retained ac-
tivity. The Zn-based matrix gave lower immobilization rates

with only 50 % trapped protein but the activity was acceptably
maintained at 72 %. In this latter case, by taking into account

the high loading of the enzyme (1:1), this selectivity may be

explained by the surface charge of the enzyme relative to that
of LDH, as the isoelectric point [iep(FSAA129S)] and pHpzc(LDH)

have almost identical values; the lower the value of D[iep(en-
zyme)¢pHpzc(LDH)] (Table S1), the lower the electrostatic inter-

actions and the enzyme loading.
None of these enzymes were previously immobilized in inor-

ganic matrix, and these results open the field for elaboration

of a novel generation of biohybrid supported catalysts.
To comment on the retention of enzymatic activity, the LDH

host structures offer a suitable microenvironment for the pres-
ervation of the biocatalytic performances. Indeed, between 36

and 92 % of the activity of the free enzyme was kept. However,
the chemical composition of the LDH matrix has a noticeable

effect on the catalytic activity of the immobilized enzymes. In-

terestingly, with some enzymes, tuning the metal cation com-
position allows the amount of retained activity to be improved

(Table 1). For both kinases (i.e. , PKGstea and DHAK), a decrease in
the activity by 50 % was observed after immobilization, regard-

less of the MII composition (Table 1, entries 1 and 2). If TPI was
immobilized in Mg2Al, the retained activity was only 36 %. In-

terestingly, if Mg was diluted into the three metal cation layer

MgZnAl a higher value of retained activity was measured
(87 %). Even better, very good results were obtained for immo-

bilized TPI within the Zn-based LDH matrix with quantitative
immobilization of the protein and a retained activity of 90 %

(Table 1, entry 3). Note that as a result of the very
high specific activity of TPI (�10 000 U mg¢1), a very

low amount of this enzyme was used for immobiliza-
tion onto the LDH matrix (LDH/TPI = 1:0.005).

The storage stability at 4 8C of the different biohy-
brids (colloidal suspension) was investigated and
compared to the stability of the free enzymes

(Figure 1, see also Figure S1). Concerning FSAA129S,
TPI, and PKGstea, enhanced enzyme stability was ob-

served once immobilized within LDH. The stabilizing

effect is particularly highlighted. The most interesting
results were obtained for immobilized PKGstea, which

retained 95 % of its activity after 1 month of storage,
whereas free PKGstea lost 50 % of its activity within the

same timeframe. However, DHAK is a noteworthy ex-
ception because DHAK immobilization in LDH causes

Scheme 1. Synthesis of d-F6P from DHA by using a four-enzyme bio-nanoreactor. AD(T)P = adenosine di(tri)phos-
phate; PEP = phosphoenolpyruvate.

Table 1. Results of immobilization of PKGstea, DHAK, TPI, and FSAA129S.

Enzyme Matrix LDH/
enzyme

Encapsulation
efficiency
[%]

Retained activity/immobilized
theoretical activity
[U]

Retained
activity
[%]

PKGstea Mg2Al 1:0.14 100 158/353 45�5
Zn2Al 1:0.14 100 187/369 51�5
MgZnAl 1:0.14 100 194/360 54�5

DHAK Mg2Al 1:1 100 9.5/21 45�5
Zn2Al 1:1 100 9/20 45�5
MgZnAl 1:1 100 10/20 50�5

TPI Mg2Al 1:0.005 100 540/1495 36�5
Zn2Al 1:0.005 100 1342/1470 90�5
MgZnAl 1:0.005 100 1281/1480 87�5

FSAA129S Mg2Al 1:1 100 183/200 92�5
Zn2Al 1:1 50 302/418 72�5
MgZnAl 1:1 100 70/80 88�5
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an increase in enzyme instability relative to that of the free

enzyme (Figure S1). Free or immobilized, DHAK is unstable,
and its instability increases upon immobilization. This instabili-

ty could be due to the His tag or/and a negative allosteric

effect of the Mg cation, as discussed recently by Wang et al.[23]

The activity was completely lost after 4 days, whereas the

free enzyme retained 40 % of its activity. To circumvent this dis-
advantage, we are looking for a more stable DHAK with a dif-

ferent His tag construction or found in the biodiversity.
The nanostructures of the enzyme@LDH biohybrid materials

were investigated by powder X-ray diffraction and FTIR spec-

troscopy (see the Supporting Information). The diffractograms
of the different biohybrids (Figure 2, see also Figure S2) show

typically amorphous structures as a result of the preferential
structuration of the LDH nanoplatelets around the enzyme,

which act as nucleation promoters. However, it should be
noted that the systematic presence of the (0 1 2) and (11 0) dif-

fraction lines and the typical LDH lattice vibration bands, M¢
OH, M¢O, and O¢M¢O at ñ= 844, 668, and 446 cm¢1, respec-
tively, confirm the formation of the LDH hexagonal layer struc-

ture (i.e. , space group R3̄m). As previously reported,[24] the
layer stacking (or crystal growth in the c direction) is strongly

limited by surface adsorption of the enzyme, as evidenced by
the almost total absence of any 0 0 L diffraction lines, whereas

the enzyme-free LDH phase prepared under the same condi-
tions displays the 0 0 1 and 0 0 2 peaks characteristic of

a 0.88 nm basal spacing. The amorphization of the layered
structure caused by the presence of an enzyme was also con-

firmed by enlargement of the lattice vibration bands of the

biohybrid materials relative to the bands of the nitrate-interca-
lated LDH reference materials.

Enzyme immobilization was further evidenced for all biohy-
brids by FTIR spectroscopy (vibration bands of the amide

group at ñ= 1660 and 1540 cm¢1 and the CH bond at ñ=

2960 cm¢1). Notably, the decrease in the intensity of the ¢NO3

valence band (ñ= 1368 cm¢1) evidences partial anion exchange

by the enzymes (Figure S3).
In the first part of this work, the two kinase enzymes were

conjointly immobilized in a LDH bio-nanoreactor to produce
DHAP from DHA by using DHAK; the pyruvate kinase/phos-

phoenolpyruvate (PKGstea/PEP) system allowed regeneration of
the required ATP cofactor (Scheme 1).

To determine the efficiency of the biohybrids, DHAP synthe-

sis was performed and compared to the same synthesis with
the free enzyme by keeping the number of units of each

enzyme constant (see the Supporting Information). The rate of
DHAP formation by using co-immobilized enzymes (Figure 3,

see also Figure S4 a, b) was the same as that with the free en-
zymes. To determine the recyclability of the system, three

cycles were performed with the biohybrid (Figure S4 c, d). A

high level of enzyme activity was kept over a few biocatalysis
reaction cycles. Only after the third cycle did the PKGstea and

DHAK activities fall to 75 and 30 %, respectively, but the forma-
tion of DHAP was still ensured (Table S2). For the first time,

two kinases were co-immobilized and used to produce
a highly valuable phosphorylated synthon.

Figure 1. Storage stability at 4 8C of free enzymes (dark) and biohybrids
(light) after 30 d except for DHAK (4 d). The conditions of storage for each
enzyme were water, pH 7.5 for FSAA129S ; Tris buffer (15 mm), pH 7.5 for TPI ;
Tris buffer (15 mm), MgCl2 (5 mm), KCl (5 mm), pH 7.5 for PKGstea ; and Tris
buffer (15 mm), MgCl2 (5 mm), pH 7.5 for DHAK.

Figure 2. PXRD patterns of a) MgAlZn–NO3 LDH, and MgAlZn prepared in
the presence of b) TPI, c) DHAK, d) PKGstea, e) FSAA129S, and f) the four en-
zymes TPI, DHAK, PKGstea, and FSAA129S.

Figure 3. Rate of DHAP formation by using the PKGstea–DHAK@Mg2Al nano-
bioreactor. Conditions: DHA (0.4 mmol), PEP (0.64 mmol), ATP (52 mmol),
MgCl2 (10 mm) ; pH adjusted to 7.5; DHAK (20 U) and PKGstea (20 U). Concen-
trations of PEP, pyruvate, and DHAP were followed by using a spectrophoto-
metric assay.
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Given that DHAP is a key substrate for DHAP-dependent al-
dolases to prepare various 1-phosphorylated sugars,[17, 25, 26] the

efficiency of the PKGstea–DHAK@Mg2Al biohybrid was evaluated
for four reactions by using commercially available rabbit

muscle aldolase (RAMA, 3S,4R stereoselective) and rhamnulose
aldolase (RhuA, 3R,4S stereoselective) produced and purified as

already described.[27] These aldolases were used with two ac-
ceptors, glycolaldehyde and d-glyceraldehyde (Scheme 2, see

also Scheme S3). The three matrices give similar results with

the two kinases (encapsulation efficiency of 100 % and immo-
bilized activities of 50 %; Table 1), and to limit DHAP isomeriza-

tion into d-G3P, the co-immobilization was preferentially con-
ducted in Mg2Al–LDH to minimize TPI activity (36 % of retained

activity, see Table 1), often present as a contaminant enzyme.
Indeed, TPI can afford d-G3P, which can react with DHAP in

the presence of RAMA to produce d-fructose-1,6-bisphosphate

as a byproduct. Under these conditions, RAMA provides d-xylu-
lose-1-phosphate[28] and d-fructose-1-phosphate,[29] whereas

RhuA leads to l-xylulose-1-phosphate[28] and d-sorbose-1-phos-
phate.[30] To completely shift the equilibrium to sugar forma-

tion, 2 equivalents of acceptor aldehydes was added and no
more DHAP was detected. All the products were successfully
purified by barium precipitation (see the Supporting Informa-

tion), and yields of 75, 80, 79, and 78 % were obtained for l-xy-
lulose-1-phosphate, d-fructose-1-phosphate, d-sorbose-1-phos-
phate, and d-xylulose-1-phosphate, respectively.

Encouraged by these very good results, we decided to

design, in the second part of the work, a four-enzyme bio-
nanoreactor involving PKGstea, DHAK, TPI, and FSAA129S to syn-

thesize d-F6P as a model reaction (Scheme 1). This sequence
was performed in a one-pot cascade reaction. First, DHAP is
formed by phosphorylation of DHA by using ATP-dependent

DHAK. Then, isomerization of DHAP into d-G3P occurs under
catalysis of TPI.[17] Finally, aldolization between DHA and d-G3P

by using FSAA129S shifts the equilibrium (Scheme 1) to the for-
mation of d-F6P.

According to the results obtained for the individual enzyme

immobilizations, the MgZnAl-LDH matrix was selected to pre-
pare such a biohybrid, as it displayed higher enzyme loading

and retained higher enzyme activity. Direct coprecipitation was
performed in a medium containing a determined quantity of

each enzyme, following the previous results obtained for the
free enzyme system[17] and taking into account the observed

loss in activity in the LDH. Typically, 45 mg of DHAK (182 U),
2.5 mg of FSAA129S (13 U), 1 mg of PKGstea (92 U), and 0.1 mg of

TPI (1638 U) were used, corresponding to an enzyme/LDH
ratios of 1:1, 1:20, 1:50, and 1:500 for DHAK, FSAA129S, PKGstea,

and TPI, respectively. Note that owing to its instability, a larger
amount of DHAK was involved in the biohybrid. As a result,

100 % of the proteins were immobilized, and the retained ac-
tivities were in the same order of magnitude as those obtained

if the individually immobilized enzymes were consid-

ered: 50, 50, 90, and 92 % for DHAK, PKGstea, TPI, and
FSAA129S, respectively. As observed for single enzymes,

the XRD pattern of the biohybrid traduced the forma-
tion of an ill-defined LDH structure (Figure 2 f), which

confirmed for the first time the possibility to extend
such a strategy to multi-enzymatic LDH preparation.

The efficiency of this bio-nanoreactor was compared

with that of the free enzymes. The rate of d-F6P for-
mation was the same as that if the immobilized

system or the free enzyme were used (see the Sup-
porting Information). Owing to the high quantity of

DHAK, DHA phosphorylation was faster than the al-
dolization, as indicated by the higher rate of pyruvate

formation relative to that of d-F6P. The d-F6P generated by

the biohybrid was purified and isolated in 90 % yield, as con-
firmed by NMR spectroscopy (see the Supporting Information).

The biohybrid was reusable over three cycles (Figure 4, see
also Figure S5). After each cycle, the activity of DHAK dimin-

ished as showed in Table 2, whereas the activities of FSAA129S,
PKGstea, and TPI remained stable at approximately 85 % over the

three cycles. As a consequence, this decreased activity of

DHAK led to increased reaction times from 60 min for the
second cycle to 70 min for the third one. In this latter case, the

rates of formation of DHAP and d-F6P were the same, and con-
sequently, the determinant step was probably the formation of

Scheme 2. Enzymatic cascade reactions with the PKGstea–DHAK@Mg2Al biohybrid for the
preparation of phosphorylated sugars.

Figure 4. Rate of d-F6P formation by using the PKGstea–DHAK–TPI–
FSAA129S@MgZnAl biohybrid. Conditions: DHA (0.8 mmol, 2 equiv.), PEP
(0.32 mmol), ATP (36 mmol), MgCl2 (10 mm) ; pH adjusted to 7.5; DHAK
(20 U), PKGstea (11 U), FSAA129S (3 U), and TPI (288 U). The concentrations of
pyruvate, d-F6P, and PEP were measured by spectrophotometric assays.
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DHAP. Finally, for the same quantity of d-F6P formed, the im-

mobilized system allowed the use of 3-fold less U of FSA and
TPI and 1.5-fold less U of DHAK and PK.

Concerning the stability of each enzyme in the bio-nano-
reactor, it was observed that if the four-enzyme bio-nanoreac-

tor was conserved in Tris buffer (15 mm), MgCl2 (5 mm), and

KCl (5 mm), the activity of DHAK was lost in 4 days, whereas
the activities of PKGstea, FSAA129S, and TPI remained unchanged

for 1 month (Figure 5).

In summary, we presented for the first time a study on

multi-enzyme co-immobilization in layered double hydroxides
(LDHs). A biohybrid system consisting of PKGstea—DHAK@Mg2Al

(PKGstea = pyruvate kinase, DHAK = dihydroxyacetone kinase)
was first designed to synthesize dihydroxyacetone phosphate
(DHAP). The same rate of DHAP formation was observed upon

using the nano-biomaterial or the corresponding free en-
zymes; the biohybrid was reusable over three cycles. It was

then employed to efficiently produce 1-phosphorylated sugars
by adding a DHAP-dependent aldolase and an aldehyde ac-

ceptor to the reaction medium. Second, a four-enzyme system

including an aldolase PKGstea–DHAK–TPI–FSAA129S@MgZnAl
(TPI = triosephosphate isomerase, FSAA129S = fructose-6-phos-

phate aldolase) was designed to prepare d-fructose-6-phos-
phate (d-F6P) from dihydroxyacetone (DHA). The MgZnAl-LDH

matrix showed 100 % encapsulation efficiency and fair retained
activities for the enzymes (�50 % for DHAK and PKGstea, 90 %

for FSAA129S and TPI). d-F6P was obtained in 90 % yield. This
nano-biomaterial was reusable over three cycles and retained

approximately 85 % of the activities of PKGstea, FSAA129S, and TPI
and 22 % of the activity of DHAK.

Experimental Section

Synthesis of DHAP

Co-immobilization of DHAK and PKGstea was realized as follows. Typ-
ically, a magnesium and aluminum nitrate salt solution (10.7 mL,
�[Mg2+ + Al3 +] = 0.1 m, Mg/Al = 2:1) was added to a reactor con-
taining DHAK (325 U, 90 mg) and PKGstea (295 U, 2.8 mg) dissolved
in Tris buffer (50 mm, pH 9.0, 15 mL). With stirring and under a ni-
trogen atmosphere, the pH was kept at 9.0 during the immobiliza-
tion process, which was complete in 200 min. The precipitate was
washed by three dispersion/centrifugation cycles with deionized
water. The biohybrid (160 mg) was obtained with 0.97 U DHAK (mg
biohybrid)¢1 and 0.93 U PKGstea (mg biohybrid)¢1. The yield of the
coprecipitation was 80 %. The encapsulation efficiency was 100 %,
and the retained activities were 50 % for DHAK and 48 % for PKGstea.
The biohybrid was conserved as a colloidal suspension in deion-
ized water at 4 8C.

The synthesis of DHAP by using free or immobilized enzymes was
realized as described previously with minor modifications.[17] DHA
(0.4 mmol), phosphoenolpyruvate (PEP, 0.32 mmol), ATP (52 mmol),
and MgCl2 (10 mm) were mixed in the reaction medium. The free
enzymes (20 U DHAK, 20 U PKGstea) or immobilized enzymes (20 U
DHAK, 20 U PKGstea in 20.8 mg of biohybrid) were then added. The
final volume was 12 mL. The reactions were followed by spectro-
photometric assay of pyruvate, PEP, and DHAP and were complet-
ed within 45 min. The analytical yield of DHAP was 100 %.

Synthesis of d-F6P

Co-immobilization of FSAA129S, DHAK, PKGstea, and TPI was done as
follows: a magnesium, zinc, and aluminum nitrate salt solution
(4.7 mL, �[Mg2 + + Zn2 + + Al3 +] = 0.1 m, Mg/Zn/Al = 1:1:1) was
added into a reactor containing DHAK (182 U, 45 mg), PKGstea (92 U,
1 mg), TPI (1638 U, 0.1 mg), and FSAA129S (13 U, 2.5 mg) dissolved in
Tris buffer (50 mm, pH 9.0, 15 mL). With stirring and under a nitro-
gen atmosphere, the pH was kept at 9.0 during the immobilization
process, which was complete in 200 min. The precipitate was
washed by three dispersion/centrifugation cycles with deionized
water. The biohybrid (85 mg) was obtained with the following ac-
tivities per mg of biohybrid: 0.14 U of FSAA129S, 1.1 U of DHAK,
0.66 U of PKGstea, and 18 U of TPI. The yield of the coprecipitation
was 85 %. The encapsulation efficiency was 100 %, and the retained
activities were 50, 50, 90, and 92 % for DHAK, PKGstea, TPI, and
FSAA129S, respectively. The biohybrid was conserved as a colloidal
suspension in deionized water at 4 8C.

d-F6P was prepared by a one-pot cascade reaction by using free[17]

or immobilized enzymes. Reaction mixtures were prepared with
the following reagents: DHA (0.8 mmol, 2 equiv.), PEP (0.32 mmol),
ATP (36 mmol), and MgCl2 (10 mm). The free enzymes (20 U DHAK,
11 U PKGstea, 288 U TPI, and 3 U FSAA129S) or immobilized enzymes
(20 U DHAK, 11 U PKGstea, 288 U TPI, and 3 U FSAA129S in 16 mg of
biohybrid) were then added. The final volume was 12 mL. The re-
actions were followed by spectrophotometric assay of pyruvate,
PEP, and d-F6P. d-F6P was isolated in 90 % yield by using the co-
immobilized enzymes.

Table 2. Retained activities after each cycle for the PKGstea–DHAK–TPI–
FSAA129S@MgZnAl biohybrid.

Cycle FSAA129S activity
[%]

PKGstea activity
[%]

DHAK activity
[%]

TPI activity
[%]

1 96 95 60 97
2 88 90 36 90
3 84 86 22 85

Figure 5. Storage stability of the four-enzyme biohybrid. The conditions of
storage were Tris buffer (15 mm), MgCl2 (5 mm), KCl (5 mm), pH 7.5.
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